Carbide-free bainitic steel is a typical high-strength steel and it is very sensitive to hydrogen embrittlement. Studies have shown that the hydrogen embrittlement in bainitic steels was decreased by the addition of aluminium. However, hydrogen embrittlement still exists in these steels. The in-situ tension in transmission electron microscope (TEM) was used to observe and analyse the effect of hydrogen on the dynamic process of dislocation motion and crack nucleation in carbide-free bainitic steel. A special self-made constant deflection device was used to install the specimen in TEM. Before and after hydrogen charging, the movement of dislocations and microcracks can be clearly observed. The results showed that hydrogen can facilitate the emission, multiplication and motion of dislocations. It also demonstrated that hydrogen can enhance the microcrack nucleation, growth and connection of carbide-free bainitic steel.
Introduction
In the past few years, carbide-free bainitic steels have attracted much more attention due to their combination of high strength and high toughness. Most of these carbide-free bainitic steels belong to low carbon and low alloy bainitic steel. The precipitation of cementite from austenite during bainite transformation can be suppressed by alloying the steel with a silicon content higher than approximately 1.5 mass%. 1) Previous studies proved that aluminium plays a similar role to silicon in transformation induced plasticity (TRIP) steels. 2) Recently, bainitic steels with partial replacement of Si by Al were developed by the authors. The microstructure of these steels consists of fine plates of bainitic ferrite separated by carbon-enriched austenite, and possibly martensite. Such bainitic microstructures exhibited high tensile strength, high impact toughness and high wear resistance. Recently, our studies 36) have shown that the hydrogen embrittlement (HE) phenomenon also occurred in this bainitic steel in spite of the fact that the HE in bainitic steel was decreased by the addition of Al.
4) The HE indicates that solute hydrogen can facilitate crack initiation and propagation in bainitic steels, but direct observation is lacking.
In-situ tensile test in TEM is an effective method to study crack nucleation and propagation. It runs into dislocation theory category directly on a microscopic scale and can show the dynamic process of dislocation motion. In the 1980s, Birnbaum and co-workers have observed the hydrogen effects on deformation and fracture behavior in various materials via in-situ TEM.
716) The in-situ deformation experiments in an environmental cell TEM have provided direct evidence that hydrogen can increase the movement velocity of edge, screw, partial and perfect dislocations in materials with different crystal structures: face-centered cubic (fcc), 712) body-centered cubic (bcc) 13, 14) and hexagonal close-packed (hcp). 15) In Ni 3 Al of various compositions, hydrogen causes embrittlement by decreasing the cohesive strength of the grain boundaries.
10) The mobility and the multiplication rate of screw dislocation are enhanced by the addition of hydrogen to iron. 14) These studies revealed that hydrogen assisted cracking in nickel, 8) iron 14) and AlZnMg alloys, 16) based on hydrogen-enhanced localized plasticity resulting from the enhancement of dislocation motion and reduction of flow stress 16) by solute hydrogen. In the present study, we have investigated the effect of hydrogen on the dislocation and crack, the dislocation emission ahead of a crack tip and the dynamic process of dislocation motion and crack nucleation in a carbide-free bainitic steel containing Al.
Experimental
The chemical composition of the bainitic steel is listed in Table 1 . After the dehydrogenation annealing process, 6 ) the test sample was austenitized at 930°C for 0.5 h, subsequently cooled to room temperature in air, then tempered at 350°C for 1.5 h. The in-situ observations were carried out on a H-800 microscope operated at 200 kV. The specimens used for the TEM were cut into 0.6 mm thick slices from the interior of the samples in order to avoid the decarburized layer by electrodischarging, and were subsequently ground down to foils of 30 µm in thickness on wet 1200 grit silicon carbide paper. These foils were finally electropolished at room temperature until perforation occurred, using a TenuPol-5 twin-jet unit with an electrolyte consisting of 7% perchloric acid and 93% glacial acetic acid.
Since it is not allowed to hydrogenate the tensile specimens by electrolyte in TEM, a special self-made constant deflection loading device was used. The TEM specimen was installed in the device and loaded using a screw, as shown in Fig. 1 . The specimen in the constant deflection device was examined in the TEM to check whether © 2013 The Japan Institute of Metals and Materials mechanical cracks had been generated from the edge of the hole in the TEM disc; if not, the load was increased further. In order to avoid the effect of ambient temperature creep, all the loaded specimens were pre-crept at room temperature for 24 h. Then put the device and the specimen in the TEM, after taking the first picture, the device was kept in the TEM for 1 h and then another picture was taken. If no difference was observed in these two pictures, the device and the specimen were inserted into 0.1 mol/L NaOH solution for cathodic hydrogen charging. The current density for hydrogen charging was 10 mA/cm 2 . The specimen was rinsed by alcohol before it was inserted in TEM. After first hydrogen charging for 5 s, the pictures were taken in the TEM to observe the crack propagation and dislocation motion. Then put the device and the specimen into the NaOH solution for hydrogen charging another 5 s, subsequently took pictures in the TEM. Thus, samples with different hydrogen contents were obtained. After that, the change around the crack tip was examined by TEM.
Results and Discussion
A stable dislocation configuration ahead of a loaded crack tip A in bainitic ferrite, which has been pre-crept in air for 24 h, is shown in Fig. 2(a) . A dislocation free zone (DFZ) has formed in region C, with dislocations piling up around it. Two factors may be responsible for DFZ. First, mechanical equilibrium needs the existence of a DFZ. 17) Second, a dislocation may not be supported in such a sample thickness. 18) After hydrogen charging for 5 s, a new group of dislocations which emanated from crack tip A, emerged at position B. Some dislocations slipped across DFZ and the closed DFZ was enlarged ( Fig. 2(b) ). This indicated that solute hydrogen can make the dislocation source operate under a lower stress than the stress necessary for dislocation motion in the absence of hydrogen in bainitic ferrite, i.e., hydrogen can facilitate the dislocation emission, multiplication and motion. After immersion for a further 5 s, the dislocations in region B continued to move and a new microcrack nucleated in region C (Fig. 2(c) ). Microcrack nucleation was caused by the atomic bonds breaking 17, 1921) when the stress was high enough in the absence of hydrogen. However, hydrogen cannot only decrease the atomic bonding force, 22) but also make microcracks nucleate below the critical stress. With the assistance of hydrogen, this microcrack formed under lower stress than the yield stress. Figure 3(a) shows the configuration of a DFZ ahead of a crack tip. There is no change after taking the device in or out of the TEM after a short time. After hydrogen charging for 5 s, a new group of dislocations emerged at position B. Furthermore, crack tip A started to extend and a new microcrack appeared in region C (Fig. 3(b) ). After a further immersion for 5 s, the microcrack in region C has moved away from the visual field. Hydrogen can facilitate dislocations emitted from the crack tip. During hydrogen charging, dislocations continuously slipped and propagated. Note that the microcrack in region A did not blunt into voids but propagated into a long crack (Fig. 3(c) ). Previous works 23, 24) showed that the behaviour of microcracks after their nucleation was principally different between ductile and brittle fractures. Microcracks blunted into voids, resulting in ductile crack propagation. Otherwise microcracks cleaved continuously, leading to brittle crack propagation. Therefore, the present study provided direct evidence that hydrogeninduced cracking in bainitic ferrite is brittle fracture. Figure 4 shows a process that microcracks propagated and connected with assistance of hydrogen. There were three microcracks in the visual field. Microcracks B and C were close together and microcrack A was separate with a distance beside B and C. Crack tip C is showed with dotted line in Fig. 4 . From Fig. 4(b) one can see that after hydrogen charging for 5 s, crack tip C expanded and showed flat and straight boundaries. Furthermore, the length of crack tip C propagated from approximately 108 to ³292 nm after hydrogen charging. After hydrogen charging for 5 s, B and C connected to form a long crack. The distance between microcracks A and BC was reduced due to the propagation of the cracks. It can be assumed that microcrack A continued to propagate and finally connected with the main crack BC to form a long crack. This result proved that hydrogen can facilitate the growth and connection of microcracks.
Conclusions
In this work, the effect of hydrogen on dislocations and cracks in carbide-free bainitic steel was observed and analysed by an in-situ TEM study. It can be concluded that solute hydrogen can facilitate dislocations emission, multiplication and motion in carbide-free bainitic steel thin specimens. Furthermore, hydrogen has a positive effect on the nucleation, growth and connection of microcracks in the thin specimens. The results show that high-strength carbidefree bainitic steel is very sensitive to hydrogen embrittlement. Thus the amount of hydrogen should be strictly controlled. In-Situ TEM Study of Hydrogen-Induced Cracking in Carbide-Free Bainitic Steel
